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Probing WIMP dark matter is a main physics goal for
high energy colliders.

A main part of the physics studies for future colliders.

My talk

* Reach of muon collider for simple(st) WIMP dark models.

* A few directions for further studies.




Simplest WIMP




DM part of a EVW multiplet
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* Simplicity: there is no additional new mediator or
new interaction.

* Mediated by W/Z/h.
* [n SUSY, there are two such examples

* Higgsino: doublet. Wino: triplet.




DM part of a EVW multiplet

"Minimal dark matter”, Cirelli, Fornengo and Strumia, hep-ph/0512090, 0903.3381

DM € (1, n,Y) of SUB)c X SUQ), x U(l)y

* n odd. Fermionic.
* n>7, Landau pole close to Mpwm .
*  After EWSB, mass splitting (minimally) generated at 1-loop.

* (Choose Y=0. Lightest member electric neutral. Potential DM
candidate.

* Familiar example: wino




DM part of a EVW multiplet

DM € (1, n,Y) of SUB)c X SUQ), x U(l)y

* N even. Fermionic
* Choose Y=(n-1)/2 ensures lightest member is neutral.

* Direct detection rules out the minimal case due to tree level Z
exchange.

* (Can be avoided to introduce a small splitting, dm > 102 keV, of
the neutral states (for example, from a dim-5 operator). Not quite
minimal (additional model dependence).

* Famous example: Higgsino (1,2)1/2




DM part of a EVW multiplet

DM € (1, n,Y) of SUB)c X SUQ), x U(l)y

* Scalar (real and complex)

* Minimal case: mass splitting, stability discussion parallel to
that of the fermionic multiplets.

* Addition couplings of the form HT H Xt X. More parameters
iInvolved in a full analysis.

* More focus on the fermion case (so far).




Thermal targets

Model Therm.
(color,n,Y) target
(1,2,1/2) Dirac 1.1 TeV

(1,3,0) | Majoranal|| 2.8 TeV
(1,3,¢€) Dirac 2.0 TeV
(1,5,0) | Majorana|| 14 TeV
(1,5,¢€) Dirac 6.6 TeV
(1,7,0) | Majoranal|| 48.8TeV
(1,7,¢€) Dirac || 16 TeV

Mitridate, Redi, Smirnov, Strumia, 1702.01141

Correct relic abundance
= Thermal targets

Reach up to thermal target

~~/
~

complete coverage for WIMP candidate

S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, D.
Redigolo, L. Vittorio, 2107.09688




Search at future colliders
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100 TeV pp collider is needed
to cover the EW doublet (Higgsino) and triplet (wino) DM.

Not enough fo cover the higher dim multiplets.



At muon colliders

Naive expectation: reach dark matter mass m, = 1/2 Ecwm

Well, almost. But not so easy.




‘Indirect”, from precision
measurement

.. Di Luzio, Grober, Panico, 1810.10993
Indirectly [1810.10993]

(1,7, €)pF
(1,7,€)cs
(1,5,0)mF
(1,5,€)pF
(1,5,€)cs
(1,3,0)mE

| Muon collider

(1,3, €)pr ] 14 TeV
(1,3, €)cs — thermal mass
(1,2,1/2)pF
o 5 1w 15
m [TeV]

At loop level, modifying the ¢g( or £7¢7) — ff amplitude




Iwo classes of “direct” DM
signals at colliders

* Production of dark matter particle.

* |nclusive search for X+MET

* similar to mono-jet at hadron colliders.

* Small EW induced mass splitting, charged member
long-lived.

* Disappearing track




Vlono-photon channel
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Signal significance

/s =14 TeV
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B = 102+3 x S.

Signal significance is dominated by the systematics.

Good reach if one can control the systematics to the level of 10-3




M O n O - m u O n A signal unique to muon collider

NV VNV \— T Vi
. Y X H W (—e——
Signal: Y | i
+

- VaZ = Z

Background:




Signal significance
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VBF-like signal. Falls off like m,~4

S is comparable to B. Less susceptible to systematics




Benefits of better angular
Coverage

ut  Tag this muon, suppress mono-muon bkgd.
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— /@ Easier fo catch this. Enhance signal rate.

Effect scales like: 1/19”2 X 1/9c2ut




Disappearing track

Figure from ATLAS disappearing track search twiki

%1~ decaying into X;"+n*

Badly mismeasured in p, due to a wrong
combination of space-points

High-p, charged hadron
interacting with ID material

Lepton failing to satisfy
identification criteria due to
large bremsstrahlung or scattering

reconstructed track
true particle track

Pixel SCT \

Signal of a sufficiently long-lived charge particle

BIB a significant background.
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Small mass splitting, long lifetime
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Charge t1 states tends to have macroscopic lifetime.

Best for the triplet (wino)
More challenging for higher (n=odd) mutiplet, and the doublet.




Signal rate

14 TeV
, Benchmarkd|T>| 5105m —— 3Single Disappearing Track |
L ,7< . ]
083\ ~_ | Disappearing Track Pair - Boost matters.
' Wino-like 6.5 TeV ‘
o nomiRe e e Heavy WIMP< less boost< lower eff
8 0.6: Wino-like 3 TeV
9 | Higgsino-like 1 TeV
T 04 T L
| | Higgsino has shorter lifetime, lower eff.
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Minimal Transverse Displacement d7"(cm)

Study including simulated BIB for Higgsino and wino:
Capdevilla, Meloni, Simoniello, Zurita, 2102.11292

As an guesstimate of the reach:

df™ =5 cm with 7y < 1.5 20(50) signal events for 2(5)o reach.




Reach by

Fermion DM 2¢ reach
Vs =3, 6,10, 14, 30, 100 TeV

channel

(1,7, €)e
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T. Han, Z. Liu, X. Wang, LTW 2009.11287, 2203.07351
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di-W (SS)

MIM (comb.) —

1DT
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M, reach|[TeV]
S. Bottaro, D. Buttazzo, M. Cos)fa, R. Franceschini, P. Panci, D.

Redigolo, L. Vittorio, 2107.09688, 2205.04486
See also K. Black, T. Bose, S. Dasu, H. Jia, D. Pinna, V. Sharma,
N. Venkatasubramanian, V. Vuosalo, 2205.10404

mono-X, more generic model independent. Interesting
channels: muon-mu, mono-W.

Disappearing track. Some model dependence. Important
to have the right BIB estimates.




Electroweak DM 2¢ reach
Vs =3, 6. 10, 14, 30, 100 TeV

(1,7, €)e
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(1,7, €)cs
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(1,3, €)pr
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(1,2, 3)or
(L2, 7)es

| Thermal Target
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Electroweak DM 20 reach
Vs =3.10, 14 TeV

(1,3, €) e
(1,3,0),;
(1,3, €)cs
(1,3,0),
(1,2, 30
(1,2, 3)es

| | Thermal Target
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10 TeV muon collider can cover thermal targets for wino and higgsino like WIMP.

Performance of disappearing track channel important to reach this goal.




E n e rgy VS Lu m i Zhen Liu and LTW, 2205.00031
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Discovery reach, assuming 10 years of running time.




E n e rgy VS Lu m i Zhen Liu and LTW, 2205.00031
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Discovery reach, assuming 10 years of running time.




Beyond the simplest model

“easier”, but further detailed studies could be useful




Additional scenarios

stau coannhilation
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DM mass splitting in GeV
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Larger (still compressed) mass splitting, no disappearing track. More challenging
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Scalar color triplet (stop/bino)

DM mass in TeV

De Simone, Giudice, Strumia, 2014
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Expect to be covered by the inclusive missing mass searches.




Well temper-like
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Arkani-Hamed, Delgado, Giudice, 060104
Cheung, Hall, Pinner; Ruderman, 1211.487

Probably similar fo the other compressed scenarios.

l




Additional scenarios

* Simplified models. (More complicated the minimal DM.)

direct detection —

X\)\I/y/x X X
I ¢
¢ — Ty q q

s — channel t — channel

collider detection —
<— UO01129)3P 3I2IIPUIL

Introducing new mediators between DM and SM.

Muon collider sensitive to mediators which couples to muons.




Search for mediators
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Typically, direct search for mediators more sensitive.

Expected to be similar at muon collider.




Inverse problem

* |f we discover WIMP, how well we can measure its property and verify it
is the WIMP?

* Mass
* Spin
* Coupling

Vast (old) literature for LHC, also studies for ILC, CLIC

* Lepton colliders have advantages (simpler kinematics, cleaner).

* Expect muon collider to be effective here as well.




ANnd, of course

* Portals, valley, dark photon...

However, in terms of dark matter

— The best physics case/target for high energy muon
collider is to make a decisive statement on the
WIMP scenario.




Conclusion

Electroweak DM 20 reach
Vs =3,10, 14 TeV

(1,3,€)pe
(1,3,0),
(1,3,€)
(1,3,0),0
(1,2,3)

(1,2, 1) | | Thermal Target

0.5 1 R 5

High energy muon collider can play

a decisive role in probing WIMP dark
matter!




Muon Coll vs others

Higgsino 2 0 Reach

L T 7T

Indirect
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Precision measurement




Efficiency

Signal effciencies
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Apply disappearing track to Drell-Yan mono-photon signal

Double disp-track signal has lower rate, but better for BIB

As a target/benchmark, use

20(50) signal events for 2(5)o reach.




Muon collider scenarios

D. Schulte, Snowmass AF+EF joint meeting

Muon Collider Parameters  From the MAP collaboration:
Higgs Proton source ]
Accounts for N
Production Site Radiation

Parameter Units Operation Mitigation
CoM Energy TeV 0.126 s 3.0 6.0
Avg. Luminosity 10*'cm™s™ 0.008 1.25 4.4 12
Beam Energy Spread % 0.004 0.1 0.1 0.1
Higgs Production/10sec 13,500( 37,500| 200,000 820,000

Parameter | Unit  [JEER CVANNEE R ARS8
L 10%** cm%s™ 1.8 20 40

Higher energies, 30 TeV and even higher, have also been mentioned.

: - V'S ’ 35 o —2.—1
L hmark: = 10
uminosity benchmark <IOTeV X cm™ s



Marching forward

uperCDMS Soudan CDMS-lite
1perCOMS Soudan Low Threshold

WIMP-nucleon cross section [cm?]
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Disappearing track search, powerful
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Challenge: How fo cover the Higgsino case?



Direct detection

Prospect for heavy WIMP Searches Hill and Solon, 1309.4902
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Scattering process loop induced.
Large cancellation above two classes of diagrams.

Very challenging



VBF

Signal: Background:
— /A/Jr — /‘fr
W~ Z H ZL] <
Y * v /
X %
P %% " oo Z "

Imposing selection cuts:

. . 2 2
Myt > 300 GeV,  Muissing = (P + Pl — 24 — p2)2 > 4m?.



Signal significance

Need to tag two forward muons (angular acceptance).

Only neutral channel contribute.
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Lower signal significance comparing to mono-muon



Scalar DM thermal targets and
reach for 10 TeV muon collider

Model Therm. 20 coverage (TeV)
(color,n,Y) target | mono-vy | mono-u | di-p’s | disp. tracks
(1,2,1/2) | Complex | 0.54 TeV 0.7 1.8
(1,3,0) Real 2.5 TeV 0.9 2.1
(1.3,¢) | Complex | 1.6 TeV 1.2 2.3
(1,5,0) Real 15 TeV 1.2 2.0 0.9 2.7
(1.,5,¢) | Complex | 6.6 TeV 2.2 2.3 1.3 2.9
(1,7,0) Real 54 TeV 3.1 2.6 2.0 3.1
(1,7,¢) | Complex 16 TeV 3.6 2.8 2.4 3.2




INclusive missing mass
searchnes
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Missing mass + X: X= photon, muon, W/Z, etc

Similar to the X+MET searches at hadron colliders. But in a cleaner environment




